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SIM4ARY 


A correlation approach to the crippling-strength analysis of plate 
structures in new materials and at elevated tenperatures is presented. 
Appropriately defined crippling- strength moduli and correlation proce- 
dures are given for predicting the effect of a change in material prop- 
erties on the strength of a structiare. The strength moduli are readily 
calculated from the effective conpressive stress-strain curve for the 
structural material. The correlation procedinres are applicable to multi-r 
plate-element coir^onents and the accuracy is illustrated with available 
experimental data obtained in various materials and under different tem- 
perature conditions. 


INTRODUCTION 


A problem -which is confronting the aircraft structural designer with 
Increasing frequency is the prediction of the effect of large changes in 
material properties on the strength of airframe components. These changes 
may be due to the effects of heat on present airframe materials or may 
arise because of design changes to more heat-resistant materials. If the" 
accum-ulated strength data at room temperature on components made of alu- 
minum alloy are to be extended to other materials and temperature condi- 
tions, accurate procedures for correlating structural strength -with mate- 
rial properties are req^uired. 

Whereas the ultimate tensile strength of materials is a usefuL guide . 
for correlating the static strength of components loaded in tension, no 
single physical property of materials serves this p-urpose”'for components 
loaded primarily in compression. With relati-vely simple components, such 
as col-umns and heavily loaded plates, the buckling stress can be used as 
a criterion for failure, in which cases correlation among materials is 
readily determined from buckling moduli computed from the shape of material 
compressive stress-strain curves. Multi-plate-element components and stif- 
fened plates, ho-wever, usually possess a maximum compressive streng-bh, or 
crippling strength, which is greater than the stress at -which some form 
of local buckling takes place. For these cases, various empirically 
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determined parameters have been proposed to effect correlation with mate- 
rial properties. Those most commonly^ used tsQce into account the height 
of a material con^jressive stress-strain curve, as measvured by a defined 
yield stress, in addition to either the slope of the c^Jrve (ref. 1) or 
a quantity such as the buckling stress (refs. 2 and 5) which is a fxmc- 
tion of the slope. The relative weight ^iven to the heightrii^d sH^pe 
of the material stress-strain curve, however, differs markedly in the 
parameters of-m:eferehces 1 to 3* This variance appears to be a conse- 
quence of differences in the-material and geometry of the test specimens 
iised to obtain the data analysed in those investigations. In addition, 
little published Information is available to guide an application of these 
parameters to more coirplex fabricated structural components. 

More recently, maximum strength analyses of stiffener sections 
(refs. L and , multlweb beams (refs. 6 and 7 ) stiffened panels 
(ref. 8) have become available which clarify the respective roles which 
material, properties and structirral arrangement of the nstterial play in 
determining the crippling strength of these con 5 >onents. As a result, 
for a number- of coatplex structures, it is possible to determine a suit- 
able material-properties parameter and to correlate failing strengths 
with changes 'in material without resorting to a complete strength analysis. 
The practical possibilities and limitations of this correlation approach 
are examined in the present paper. Crippling stresses for flat plates, 
multlweb beams, skin-stringer panels, and other structural components 
made of materials encompassing a wide variation in properties are compared 
with the material correlation parameter applicable to the mode of-fallure 
of the particular component. Available data from short-time strength 
tests at- elevated -beTiperatures are included, in the con^parisons . Based . 
on these namparisons, procedures for correlating crippling strength qf 
mixltl-plate-element structures -with changes in material properties are 
recommended . 


SIMBOLS 

Ap • cross-sectional area of plate element, in.^ 

b width of plate, in. 

bg width of attachment flange bet-ween rive-t-Une and web plane, in. 

E Yoting's modul-us for material, ksl 

E.J. tangen-t modulus for material at given stress, ksi 

Eg secant modulus for material at given stress, ksl 
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Eg' secant modul'us associated with stress at which E-j; = (l - m)Es 

for larger stresses. It Is equal to Eg, ksl 

f,f2^^2 functional notation 

K nondlmensional huckling- stress coefficient, 

m ratio of initial slope, after elastic buckling, of curve of 

average stress plotted against unit shortening to slope of 
material stress-strain curve 


^cr fh 
TIE \t) 


M 

n,p 

R 

S 

t 

a 

c 

t^cr 


bending moment, in- lb 
integers 

ratio of- test value of crippling stress to -value calculated 
for failure in local buckling mode 

section modulus for beam, in.^ 

thickness of plate, in. 

general notation for stress, ksi 

average stress over cross section, ksi 

buckling stress, ksi 


Ccy 

5 f 

02 


0.2-percent-offset cortpressive-yield stress for material, ksi 
stress corresponding to unit shortening eg, ksi 
maximum a-verage or crippling stress, ksi 
a-verage stress for plate element at fall-ure, ksi 

stress at which ZL^. = ^3, ksi 


stress at which E^- = ^Es, ksi 

3 


e 


general notation for strain 
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strain at— which huckllng initiates 
averse unit shortening or edge strain in a plate 
€£ _ average unit" shortening at maximum load 

&2 strain associated with 

-strain associated with 

Ti nondimflns lonal plasticity correction factor 

INFLUENCE OF MAIERIAL HSOPERTHS ON 
PLATE COMPKESSIVE STRENGTH 


The determination of allowable con5)resslve stresses of rectangular- 
plate elements is a primary consideration in aircraft structural design. 
Plates can be classified according tp whether one or two of the unloaded 
edges are supported against deflection. Flat plates of the latter class 
are considered in this section. Inasmuch as the strength analysis differs 
for plates that fall at the buckling stress and those tliat exhibit a post- 
buckling strength, the Ijresentatlon that follows is subdivided accordingly. 


Plates That Fail at"the Buckling Stress 

When the stresses to be transmitted are high or the plate boundaries 
are flexibly supported, the maximum stress is often adeq.uately represented 
by the equation for buckling 



( 1 ) 


When written in this form, the valuie of the left-hand side of the eqioa- 
tion may be considered a constant for a given plate geometry and 

is essentially dependent only upon the properties of the plate material. 
Although theoretical work has 'shown that the plasticity correction fac- 
tor T) may be influenced to some extent by the plate -geometry and edge- 
restraint conditions, a consideration of these differences is usually 
not warranted in a buckULng-stress analysis of the typical edge -supported 
plate encountered in fabricated aircraft structures. 
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An expression for t) In fairly common use and one that correlates 
experimental buckling stresses obtained in many different materials is 



where t| is computed from the average of the material compressive prop- 
erties over the cross section of the test structure- For plate struc- 
tures of identical geometry then, the value of dcr/nE can be considered 
a constant, and a value of a^r determined from a test in a reference 
material (material 1) is sirCficlent to define c^r plate struc- 

ture in any other material (material 2) provided that the variation of 
the buckling modulus tjE with stress is known for the materials. A con- 
venient correlation proced'ure based bn the constancy of c/t^E for plates 
of constant geometry is illustrated in figure 1. The curves for the varia' 
tlon of a with c/t]E are con^juted from the compressive stress-strain 
curves for the desired materials Fi-nfl the buckling stresses of plates of 
these materials>€Ci% correlated in the manner indicated. The inherent 
accinracy of the proced\n:e la good when the diagram is entered with a 
known stress in the more elastic material., as shown in figure 1. Com- 
parable acc-uracy cannot be expected when the known buckling stress is in 
the inelastic range of the lower strength material because of the rela- 
tively larger variations in a/iiE associated with small errors in stress. 


Plates With Post-Buckling Strength 

Equations similar to equation (l) have been proposed for the maxi- 
mum stress of plates which carry additional load after buckling. In these 
equations a parameter frequently -used to represent the influence of mate- 
rial is the quantity (Eacy)^/^, which was developed in reference 1 and 

applied to correlating the strength of plates of varloiis materials when 
tested in V-groove edge fixt-ures. The plates had relativeljr high values 
of width- thickness ratio b/t. The same parameter appears in crippling- 
strength formulas for stiffener sections (refs, h and 9)* A parameter 
of this type incorporates the prominent features of a materials con^jres- 
sive stress-strain curve, that is, initial slope and a stress level 
(height) at which pronounced plaatic yielding occTors for most materials. 
With respect to. a compressed plate, the slope and height of the material 
stress-strain curve can be thought of, respectively, as a measure of the 
relative stiffness of materials in resisting buckling distortion and a 
measure of the maximum stress that can be attained in the most highly 
strained portions of the plate. 
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In studies of the buckling and crippling stresses of aluminum- and 
magnesium- alloy plates in the form of H, Z, and C sections (refs. 2 
and 5 ) r'Siirehgth- foimrulas are gi-ven which contain parameters of the type 
l/n 

(ccrcfcy^"^) • Values of n equal to 5 and Ij- were-assigned in refer- 


ences 2 and 5^ respectively. For a plate of a given geometry, the value 
of ^Qx> effect, is a measure of the slope of the stress-s'^aln curve 

for the plate material, and a material parameter can be 


separated from the quantities describing the section geometry. For n 
eqvial to either 4 or 5 > this parameter is in conflict .with the parameter 
(Edcy)^'^ proposed by other investigators. , . 


In 'order to detemdne which of the foregoing parameters or modifica- 
tions o.f them is likely to give the best overall represents^tion of the 
influence of material on the compressive strength of edge -supported plates, 
a series of flat plates ST 5 >ported in V-groo.ve edge fixtures were tested 
to failure as part of* the present investigation. In tests of this type 
no forming operations are performed in mantLfacturing the specimen and 
material stress-strain coupons cut from the sheet imteri^ adJacent~to 
the plate specimens should be representa,tive of the plate miaterial. The 
Materials selected covered a wide range in E, cTcy^ shape of com- 
pressive stress-strain curve and the plates tested hsd width-thickness 
ratios representative. of thick-skin construction. Details of this test 
investigation are given in appendix A. 

Compressive stress -strain curves representative of the materials in 
the plates tested are given in figure 2. Included is a stress-strain 
curve for the 201^-T6 sqiiare tubes tested in reference- lp_. (The cpnpres...... 

slve strezigth of plates forming the walls of a square tidie are In apparent 
agreement— with the strength of plates in V-groove edge fixtures . ) A-dlf- 

ferent treatment is indicated in figinre 2 (f) for an l 8 - 8 -^ stainless 

4 

steel (type 501) . "Effective stress-strain" curves were constructed for 
this anisotropic material which are explained in appendix B. In addition 
to values of E and Ccy, a stress and strain (denoted crp 

which the tangent modulus to the curves is equal to one -half the secant 
modulus are noted on the stress-strain curves. 


Material correlation parameters computed from the Bt^ess-gtrailL .data 
of figur.i£L 2 are compared with the test crippling stresses for the plates 
in flgxores 5 and 4. Figure 5 conpares the test data with the parameters 

(Effcy)^^^ (rjEffcy^)^^^ discussed previotisly. .In these plots, cor- 

relation would be indicated if the data for plates of all .materials lay 

on a single curve. Althotigh the data for the varioi;u 3 matCTlale inter- 

mingle, an appreciable scatter band exists. 



NACA TW 5600 


T 


In an attempt to reduce the scatter hand, simple modifications to the 
material parameters were Investigated. An analysis of the data revealed 

that the scatter hand associated with (Ea^y)^/^ would he decreased if 

a reduced value of E were used for the plates of smaller h/t the crip- 
pling stresses of which occur in the inelastic stress range. A conve^ent 
correction of this type Involves -using the value of the secetnt mod-ul-us . Es 
at the crippling stress in place of the constant value E. A plot of the 
data against (Eg a is shown in figure il-(a) and an imprh-vement over 

fig-ure 3 is obtained. The scatter which remains appears to he associated 
■with the differences in shape of stress-strain curves in the inelastic 
range . ■ - 


In order to account for the effect of differences in shape, material 
parameters can he defined -which are sensiti-ve to the rate of change of 
slope of material stress-strain c-urves. One such parameter is the maxi- 

m\m value of the q^uantity (Ega)l/2. The relationship of this q.uantity 

1/2 

to (ECcy) for the plate materials is sho-wn in table I. The ratio 

of the t-wo quantities for some of the materials is constant whereas for 
other materials significant differences occur. 


The maxim-um value of (Esh)'*''^ is shown in appendix C to occvir at 
the stress and strain at which the tangent mod-ulus has hscome eq.ua! to 
one-half the secant mod-ulus. The corresponding material correlation 

parameter (£'02)^/^ characterizes a material by a stress level C2 

near the knee of its stress-strain curve where its stiffness is changing 
rapidly and by a secant slope E’ passing through the point C2^ ££* 

As -with the parameter (Eo-Qy)^/^, best correlation -with data at high 


stress le-vels is obtained when (E'cT 2) modified so tha-t it -varies 

with stress. This modification is accomplished by defining a modified 
parameter (Eg'c2)^/^ which is equal to (E*a2)^/^ for stresses less 
than cT 2 which the value of Eg' is equal to the conventional 

secant modul-us for stresses larger than tJ2- ^ comparison of the data 

using the parameter (Eg is shown in figure 4 (b). 


The comparisons presented in f iginres 3 and 4 indicate that ei-fcher 
of the parameters (EgCTcy)^^^ (Eg’cT2)^/^ gives a better correlation 

of the data than the parameters (Ec^y)^/^ and (-qEacy^)^^^, 


the best 
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correlation "being obtained with (Eg *02) • Suitable maximum-strength 

formulas for plates can therefore be written in the form 



( 5 a) 



( 5 b) 


A good 3 ?epresentatlon of the data below a b/t of ^^5 is provided by the 
simple eq.\latlons in figure 4- 


Foi‘ the purpose of a crippling- strength calc\jlatlon, the material 
parameters in eq,;iations (3) adequately describe the influence of material 
on the compressive strength of plates with siQ)ported edges. Such param- 
eters will therefore be referred to in this paper as crippling- strength 
moduli, or more briefly as strength modxili, the form of which depend upon 
the structure and its mode of failvire. The plate-strength-correlation 
procedure with these moduli is aj^logous to that previously described for 
plate buckling and is Illustrated in figui^e 5 * 


In the remainder of the paper the strength moduli appllcatO-e to plates 
tested in "V-groove edge flxtin:es are assumed to apply to all edge -supported 
plates. Suitable correlation procedures are developed when the plates are 

part of a fabricated struct-ure. Becaxjse the parameter (EsOcy)^'^ 
involves material properties that are more generally available than ttie 
properties in (Eg ' 02) particularly at elevated temper attares ^ the 
cripplln5:-etrength comparisons involving plate-elements with supported 
edges are made by using (Eg 0 cy)^/^ as the strength modulus. 


INFLUENCE OF MATERIAL EROEERTIES ON 
STIFFENER CRIPPLING STRENGTH 


The casual engineering method for calciilating the crippling strength 
of— stiffeners (column bending excluded as a failure mode) is to sum the 
loads carried by web and flange plate elements in the cross section. 
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Variations of this method are exemplified in references 4, 5^ H- 

The success of this approach is dependent upon the accuracy of the crip- 
pling curves which are used to define the maximum compressive stresses 
for the individixal plate elements. An alternate approach is to relate 
the crippling stress of the entire cross section to its Ideal buckling 
stress and the material yield stress as is done in references 2 and 5- 
This approach lacks the generality of the first approach, however, inas- 
much as the most" suitable relationship between bf , and Oqy v^ies 

with changes in cross section. . . 

In a crippling-strength study (ref. 5 ) both extruded and formed 
cross sections based upon the first approach, good correlation of the 
strength of plates with one edge supported and one edge free (flanges) 
with changes in material was foxmd with eq.uations of the form 







One fmetion of b/t was obtained when a single flange joined a web 
plate (as in a Z-section) and another function of b/t was obtained when 
two flanges joined a web plate (as in ein I-section) . The material param.- 

eter (Es'ctj^)^'^^, \ised to correlate flange strength with changes in mate- 
rial, is related to that ■used in eq,\iation (5(l3)) for plates with t'wo edges 
supported. In appendix B it is shown that the reference stress level Oj 

for a material corresponds to the stress at -which the tangent modulus is 
equal to one-third the secant modulus. The value of Eg' is equal to 

the secant modul-us at with the provision that, at average values of 

flange stress greater than b^. Eg' is defined as Eg . 


An approximation of the parameter (Eg'b^^)^/^ which in'volves 

1/3 

readily available material properties is the quantity (Eg beyS) This 

strength modul-us implies that flange strength is more a function of mate- 
rial yield stress than material elastic modulus.”” The test data of refer- 
ence 5 "bear this out as shown by comparison of the correlation accuracy 


_ 2 ) 1/3 

as strength moduli. The data for extruded and formed cross 


in figure 6 where the data ha-ve been plotted by using 

(Egbcy) ^ 


(Eg bey 
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sections are brought into agreement when the strength moduli are computed 
from, effective stress-strain c\arves which take into accoxmt high-strength 
material in the corners of fonned sections. These curves are explained 
in appendix C. - - 

When only the geometry of an extruded or fo rmed cross section com- 
posed of essentially flat-plate elements is known and the _ crippling 
strength in any material is desired, a strength-analysis method such as 
that of reference 5 is required. If the crippling stress for a stiffener 
section is known from a test in a reference material, however, its strength 
in another material, may often be obtained more accurately by the correla- 
tion approach. An indication of the accuracy obtainable is shown by the 
comparison in figure 7 of crippling-stress data for a family of-Z-sectlons 
of a number of materials . The data correspond to Z-sectlons having a con- 
stant ratio of flange width to web width ( 0 . 6 ) and are therefore plotted, 
against the width- thickness ratio of a reference plate element- (web) , the 
primary geometrical variable for the data. The strength modulus iised is 
that appropriate to a plate with supported edges and was confuted from 
ther effective stress-strain ctorves for the section. (See appendix B.) 


For sections containing a high proportion of flange area, a strength 


correlation based on the constancy of a 




2,1/5 


for sections of 


constant geometry might be expected to give the best results. In ref- 
erence 12 the crippling strength of H-sections Of extruded 7075-^6 aluml-. 
num alloy were obtained at room and elevated temperatures. These data 
are plotted in figure 8 . The predicted curves are based on the values 

ry^Esbcy^) 


of 


obtained in the room-tenqperature tests of the sections 


2^V3 


and the variation of with temperature was cal.culated from 

the material stress-strain data given in reference 12 . 


- - INFLUENCE OF MATERIAL ON CRIPPLING STRENGTH 
OF STIFFENED PLATES 


The congress ion panel of a box beam is treated in this section as 
a stiffened plate for which a crippling stress can be defined. For con- 
ventioml rib-stringer-skin construction, this stress is defined as the 
upper-limit failure stress obtained when column failure is prevented by 
a close rib spacing. For multiweb-type structure, the crippling strength 
is the maximimi average stress obtained in the skin- and web-attachment 
members mder a bending moment when fallijre of the webs vinder criishing 
loaxis is not permitted. With these restrictions, a panel crippling- 
strength analysis is concerned principally with the geometry of the plate 
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elements in the cross section, the relative stiffness of the joints between 
them, and material properties. Even though the first two of these vari- 
ables are held constant when the- influence of a material change is to be 
determined, various modes of local failure must still be taken into account 
in a strength- correlation procedure. Unforeseen failure mode changes can 
occur when large changes in material properties are made. The natinre of 
this problem is discussed next and the procedures for dealing with it are 
given in a following section. 


Effect of Material Properties on I^cal Failure Mode 

In order to ill'ustrate the effect of material changes on the stress 
and mode of local failure of a stiffened plate, figure 9 has been prepared. 
Figinre 9 (a) illustrates the manner in which the crippling strength of” a 
stiffened plate of constant geometry can vary with yield stress when the 
elastic modulus of the material is he 3 jd constant. The crippling strength 
has been computed by considering three of the possible modes of local 
failure . The curve labeled "f all-ure in the local buckling” mode" corre- 
sponds to a fail\jre stress computed from the area weighted average of 
the crippling stresses for the Individual plate elements in the panel 
cross section. The assumption made in this calculation is that the maxi- 
mum load carried by each plate element is reached at the same unit short- 
ening and thus the loads are additive. If the average stresses achieved 
in the plate elements are assumed to approximate those given in fig- 
ures 4 (a) and "J, correlation of the stresses with changes in material 
properties can be effected by the strength modulus employed in those fig- 
vires. Correspondingly, the local crippling strength of the panel is 
shown in figure 9 (a) to increase as the square root of the Increase in 
O’cy (The panel failing stress is ansumed to not exceed a^y for a 

material; thus, as a^y decreases, the panel failing stress approaches 

c^y as an upper limit . ) This type of performance can be expected if 

the stiffening members are an integral part of the sheet, as in an extruded 
panel . 

When stiffening members have attachment flanges which are riveted 
to the sheet, a maximum con5)ressive load can also be calculated at which 
the sheet buckles in a short wave length without longitudinal nodes along 
the stiffeners. The behavior is that of a plate column elastically 
restrained against displacement by the stiffeners attachment flanges and 
has been variously described as "forced crippling" (of the stringers) in 
reference 15 and as "wrinkling" (of the sheet) in reference l 4 . The first 
term is probably more descriptive of the action for panel proportions in 
which this mode of failure follows buckling of the sheet in the local 
mode whereas the second term appears more descriptive when buckling as 
well as failvure occur without longitudinal nodes in the sheet. 
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An exteneive study of the behavior of stiffened plates which fall 
by wrinkling has been made in references 6 and 8 and a criterion for 
failure is given which is of the form 


— = f(panel geometry, attachment-flange- 'design) ( 5 ) 


The influence of material on the stress for failure is represented by a 
buckling modulus iiE because of the close correlation between complete 
panel failure and the occurrence of sheet wrinkling with its attendant 
loss of "effective width." The wrinkling-strength curve for the panel 
of figure 9(a) is therefore shown to level off at a constant stress when 
0Qy is large enough that the calculated falliire stress is In the material 

elastic range.. The magnlttide of this stress for a particular panel is 
determined l>y the value of E, the panel geometry, and the stiffness of 
the attachment between stiffeners and sheet. When is decreased, 

the transition from this elastic value of failure stress to failure at 
the material yield strength is determined by the variation of with 
stress. Test data indicate tliat the easpression for given by equa- 
tion (2) is applicable. ■ ‘ 

Analysis of-the data of reference 15 reveals that riveted panels 
of-proportions which buckle in the local mode will change from failiare 
in the local-buckling mode to a failm’e that is initiated by wrinkling 
instability of the sheet when the ratio of c^y ® sufficiently 

Increased. This action is typical of-most panel proportions and fig- 
ure 9 has been drawn accordingly. (With an Inadequate riveted attach- 
ment, wrinkling can be the lowest mode of failure at any ratio of yield 
stress to modul\is.) In the transition region, the failure stress for 
some panel proportions may be somewhat less than the stresses calculated 
for either of the "piu’e" modes. These stresses are indicated by an 
interaction curve (dashed) in figure 9 for which no convenient- material 
correlation parameter has as yet been found. 

When panels susceptible to wrinkling failvure are made of materials 
having very high ratios of yield stress to modulus, the maximum panel 

load may approach the crippling load for the stiffeners alone t The 

stiffener-strength curre may be aesumed to represent a lower limit to 
a panel crippling strength and is thus shown in figure 9(a) ’to govern 
at a high value of yields stress . 

When yield stress is held constant and mater lal-.elas tic modulxia is 
treated as a variable, the variation of panel strength when the same three 
modes of 3 .ocal failure are considered is illustrated in figure 9 (b) . A 
comparative study of the (a) and (b) parts of figure 9 reveals a consistent 
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pattern of failure -mode change as material properties change. They show 
that a fabricated stiffened plate which fails in the local buckling mode 
when made of a material with a relatively low value of Ccy/^^ ^"0^ example 

202 ^ 1 — ST aluminum alloy, may interact with or fail in the wrinkling mode 
when made of a material with a higher value of aj,y/E, such as 70T5-ST 

aluminum alloy, and may only develop the strength of the stiffeners in a 
material such as some of the titani\am alloys which have relatively high 
values of Ocy/E. With this complex behavior, the strength modulus asso- 
ciated with the mode of failxjre (observed in a test or assumed in a cal- 
culation) in a reference material may not be applicable for predicting 
the effect of a large change in material properties. An added complica- 
tion with existing test data on crippling strength is that the mode of 
local fallxure involved is \isually unreported. 

In order to cope with these problems, a practical proced\nre for pre- 
dicting the effect of a change in material properties must start with the 
assumption that only the commonly reported information for a stiffened 
plate is available; that is, the crippling stress, material properties, 
and dimensions of the cross section. Although an accurate value of a key 
dimension, the offset of the rivet lines from the web plane of riveted- 
on stiffeners, is generally missing, the probable mode of failure of the 
panel in the reference material usmlly can be deduced from the available 
information, as explained in the next section. Recommendations formtilated 
from consideration of figure 9 can then be made which take into account 
the possibility of a failure mode change as material properties are v&ried. 


Correlation Procedure 

A st\ody of the crippling strength of the longitudinally stiffened 
compression panels reported in references 16 to 19 reveals that the 
probable mode of failure of a given panel can be correlated with the 
value of a coefficient R defined by 


■R = — ( 6 ) 

P 

The stresses 5 p represent the crippling stresses of the component plate 

elements of the panel cross section as defined by the crippling curves of 
this paper; the areas Ap are the individual areas of the plate elements. 
Hence R is the ratio of test crippling stress to a calculated stress 
for failure in the local buckling mode. 
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Discounting results for panels tested flat-ended at a length less 
than the stringer spacing, the value of R for strongly riveted panels 

with extruded stringers (near integral construction) was found ' 

consistently "between the limits 0-95 to l.C)5* These values of R are 
assumed to correspond to failure stresses associated with the locaX buck- 
ling mode of failure. Larger values of R were found for panels tested 
at a length less than the stringer spacing and which failed in the local 
buckling mode. The high crippling stresses are attributed to the con- 
strained buckling distortion of the sheet-which occvira under those test 
conditions. Panels with values of R less than about 0_.95 .h^.. rivet ed- 
attachment- flange designs and width- thickness ratios of the sheet and 
stringers so that a reduction in failing stress due to wrinkling behavior 
woiold be predicted by the theory of reference 8. Therefore, in the pres- 
ent procedure, test stresses with an R- value less than 0-95 assumed 
to be either the resiilt of wrinkling instability or interaction with it. 

The panel is finrther asstmied to possess a potential stress for failure in 
the local buckling mode equal to d^y^R. (For panels of unusual proportions, 

a low value of R can also correspond to a panel stress in which only 
the crippling strength of the stiffeners is developed. Such a test result 
is readily recognizable when the calculation for R is made. The effect 
of material property changes on panels which develop this low proportlcm 
of their potential strength is diffictiltri:o predict and, moreover, should 
not be of practical toterest. The correlation procedure "which follows 
is therefore not formulated to cover this case^r-) 

The correlation procedure for stiffened plates is handled conveniently 
if subdivided according to- the R-value for the test stress in the refer- 
ence material and according to whether the material, change corresponds to 
an Increase or a decrease— in the ratio The recommendations for 

the foiir. cases which result from this subdivision are based on figure 9 
and are outlined below. 

Case I: R essentially unity; decreasing.- A panel which 

fails in the local buckling' mode in a reference material (material 1) can 
be ass-umed to fall in the same- mode in a new material (ma-terial 2) if the 
ratio <?cy/® either constant or decreasing. The predicted panel stress 

in material- 2 can therefore be obtained by correlating the irdlvldual crip- 
pling stresses of the stiffener and sheet elements and weighting these 
stresses according to area. The correlation proced-ure for the sheet is_. 
illustra-bed in figure 5 . The same procedure is foliowed for the stiffeners 



for the stiffener is independent of material, as is dlsci;seed.d.n the . section 
on stiffener crippling strength. A fin-ther simplification is possible if 
the panel is proportioned, so that the crippling stresses for. the sheet and 
stringers Are h.ot too different and their material properties are essentially 
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■fche same. A strength correlation based on the constancy of cT^(Esffcy)^^^ 
for the whole cross section can. then be made by using an average variation 

of (EgCcy)^/^ with stress for the material over the entire cross section. 


Case II: R essentially imlty; cT£.y./E increasing.- If the change in 

material properties is such that the ratio Ccy/E is increasing, the 

possibility exists that failure of the panel in material 2 may be influ- 
enced by wrinkling behavior and the failure stress will be less than that 
associated with failure in the local buckling mode. The procedure out- 
lined in case I should therefore be used with caution when the effect of 
a substantial increase in h^y/E is to be determined for a panel with 

riveted-on stiffening members. For panels with Integral stiffening, the 
proced'ure for cane I should be applicable. 

Case III: R leas than 0.95^ tTcy/E decreasing.- A panel Influenced 

by wrinkling behavior in material 1 may fail in either the wrinkling mode 
or local buckling mode if the ratio ffcy/® is decreased. Inasmuch an 

the stresses for failinre in both of these modes (5f and Sj^/R) are assumed 

to be known in material 1, the stresses for failure in both modes can be 
predicted in material 2- The lower of these predicted stresses is assumed 
to govern. 

In order to predict the change in strength of a panel in the wrinkling 
mode, the procedure indicated in figure 1 is applicable. The figure is 
entered with in material 1 and the corresponding stress for material 2 

is found at a constant value of a/tjE. The variation of t^E with stress 
for the two materials should be computed from the average material prop- 
erties over the panel cross section. The effect of the material, change 
on the stress for failure in the local buckling mode is determined by the 
procedinre previously outlined for case I. Because the actual fail\ire 
stress for the panel in material 2 could lie in the transition region 
shown by dashed ciuves in figxire 9? "the above correlation procedure can 
be anticipated to be slightly unconservative under certain circumstances. 

Case IV: R less than 0.95J <^cy/^ increasing.- If the ratio aey/E 

is larger for material 2 than for material. 1, a further reduction in fail- 
ure stress from the value for the local buckling mode can be anticipated 
in material 2. The failure stress will be bracketed by the stresses pre- 
dicted by the procedure for case III. A conservative prediction there- 
fore can always be obtained if the panel is assumed to fail at a constant 
value of a/t]E. Test data show that the inherent conservatism of this 
assumption is reduced as the value of R for the panel in the reference 
material becomes less . 
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Experimental Verification 

Verification of the recommended correlation procedanres for stiffened 
plates has heen made with the available data for nominally identical spec- 
imens tested in various materials. These data consist principally of a 
series of Z-strlnger compression panels tested in nine different materials 
(ref. 15) and mlscellaneoTos tests on stiffened panels and multiweb beams 
at room and elevated temperatures . In prder to illustrate the coD^rela- 
tion accuracy obtainable \onder differing circumstances, comparisons with 
some of these test data are presented in tables II to V and in figure 10. 

The test data in tables II, IH, and IV are- from reference I 5 and 
are representative of three typical types of behavior in longitudinally 
stiffened panels. The panel in table II has relatively large width- 
thickness ratios of the plate elements and the riveting is adeq_iiate to 
develop R-value of essentially unity in 7075-^6 aluminum alloy. This 
material has the highest ratio of cTcy "to E of the materials tested 

in reference I 5 and its material properties are also known with the great- 
est certainty. For these reasons the predicted failing strength of the 
panel iji the other materials is based on the test failing strength in 
7075 -T 6 . The procedure for case I was applied by using effective stress- 
strain curves for the materials based on the average longitudinal and 
formed-corner properties for the materials as given in reference 15 . The 
predicted failing strengths generally are in as good agreement with the 
test results as woTold be anticipated from the deviation of -the given mini- 
mum and maximum material properties from the average. The largest error 

is associated with the l8-8-^. steel, the panels of which were fabricated 

i|. 

with an offset of the rivet- line on the attachment flanges of the stif- 
feners 1.0 percent larger than the average of the otherwise nominally 
identical panels in the other materials. The effect of this difference 

is to reduce the test crippling strength of the panels of the 18-8-2 h 

material relative to the panels of the other materials. 

The panel in table III has one-half the width- thickness ratio of 
the plats elements of the previous panel and^ the same rivst. .and .attach- 
ment flange design. This combination, although adeq,uate to produce 
initial buckling in the local mode, is not adequate to obtain a falling 
stress in J0J^-T6 alimilnxmi alloy corresponding to failure in the local 
buckling mode, as evidenced by an R-value of O .91 for the panel. This 
R-value is interpreted as an indication that the panel strength is influ- 
enced by wrinkling behavior and the procedures of case IH are applied 
for correlating crippling strengths in the other materials. Xf the lover 
of the tiro predicted falling strengths for “each panell is compared with 
the test value, satisfactory agreement is obtained in most cases. 
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The comparisons in table IV are for the panel of reference 15 having 
the smallest width- thickness ratios of its plate elements. The panel 
proportions and the R- value of O .85 obtained in 7075-16 alumlmmi alloy 
identify this panel as one in which both buckling and failure occur in 
the wrinkling mode. When the correlation procedure of case HI is applied, 
the predicted strengths based on the material correlntdon parameter for 
wrinkling failures are seen to be in close agreement with the test data. 

Because the test results of table IV all fall in the Inelastic 
stress range for the materials where little or no margin is expected 
between buckling and maximum load, a valid objection is that the data 
should correlate with a buckling modulus irrespective of the mode of fail- 
ure. A panel cross section was therefore designed which would undergo 
a wrinkling failijre at a stress of about JO ksi in a material having an 
elastic modiilus of 10,500 ksi. Four panels were fabricated and duplicate 
tests were run in 202k-T3 and 7075-16 aluminum alloy. The panel cross 
section and the test res-ults are shown in figxn'e 10. The predicted behav- 
ior of the panel for falliure in the local buckling mode as well as for 
failure in the wrinkling mode are shown for comparison with the test data. 
This con 5 )srison clearly shows that a large change in yield stress in a 
panel material has little effect on panel crippling strength when the 
mode of failvire is wrinkling. 

The final comparison Illustrates an approximation that simplifies 
the strength correlation for thick plates as fo-und in multiweb-wing con- 
struction where a relatively small percentage of the total bendirig moment 
is carried by the sig^portlng webs. The stress obtained by dividing the 
failure bending moment by the section modulus approximates the skin stress 
in construction of this type and tends to bear a constant ratio to it in 
beams of the same geometry but different material. Use of the more readily 
calc\ilated M/S stress in place of the maximum average stress in the skin 
in a strength correlation is shown in table V. The U/S stresses at fall- 
m?e for the two beam cross sections illustrated were obtained in 7 ^ 75-16 

aluminum alloy in tests at room ten^jerature and after i - hovir exp>osure 

to 250 ° F and 550° F. The m/S stresses for the beams in the room- - 
temperature tests are somewhat larger than the maximum average stress 
for the compressive cover skins as read from figure 4; this condition 
Indicates that an elevated- temperature strength prediction on the basis 
of the material correlation parameter for failure in the local buckling 
mode is appropriate. The elevated-temperature strength predictions^ were 
therefore performed in the manner illustrated in fig'ure 5 using the 

i-hour exposure, compressive stress-strain curves for the beam-cover 
2 

skin material to construct the curves for the variation of a 
with a. The predicted results at the elevated temperatin’es were read 
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from these curves at the values of 


^•/(EBCTcy) 


1/2 


deteamrLned by the room- 


temperature test vaJ.ues of m/s for the two beam proportions. The results 
in table" Y, as well as those In flgxrre 8, . Indicate that a high degree of 
accuracy is attainable in correlating the room- and elevated-temperature 
crippling strength of plate structttres. 


CONCLUDING REMARKS 


A correlation approach to the crippling- strength analysis of multl- 
plate-ele 2 uent structures in new materiads and at elevated temperatures 
has been presented. The aim has been to lend confidence to the idea 
that, with suitable crippling-strength moduli and correlation procedures, 
established crippling- strength data in one material can be used as a beuais 
for an accurate prediction of the behavior of geometrically similar struc- 
tures having different- material properties. The approach is particularly 
attractive for stiffened plate components where the effect of all the 
geometrical variables on crippling strength may not be as readily deter- 
mined as the effect of a material property change. Even in the case of 
simpler structin-es, such as stiffener sections, the correlation approach 
may offer an advantage in speed as well as in acc\jracy. The strength 
analysis of structures in a new material may also be expedited by know- 
ledge of the predicted beliavlor of structures of slightly different pro- 
portions the strengths of which have been definitely established by tests 
in another material. 

A limitation of the present procedure is the possibility of a reduc- 
tion in accuracy due to an imforeseen failure-mode change when the effect 
of a subEitantial Increase in material yield strength to Young's moduliis 
ratio is to be predicted. This limitation presents no handicap when the 
reference material for test data is J0J^-T6 aluminum alloy but it may 
lead to surprises when dealing with test data accumulated in some of the 
lower strength materials . Fortxmately, elevated- teniperature strength 
predictions visually involve decreasing values of this ratio in which case 
the inherent accuracy of the correlation procedures is good. 

The material correlation parameters discussed are all- readily cal- 
culated from the effective con^resslve stress-strain curve for the mate- 
rial in the structure. Comparisons with available data Indicate that a 
set of material parameters defined in this paper more accurately reflect- 
the effect on structural strength of changes in the— shape of stress-strain 
cvirves than parameters determined by the slope and 0.2 percent offset 
yield stress. In many practical situations, however, this inprovement 
tends to be overshadowed by limitations on the accuracy with which the 
material properties in fabricated structvires Eire known. When detailed 
data on msiterial properties are available, utilization of this Information 
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in the construction of effective material stress-strain curves for the 
structure leads to iit^jroved correlation accuracy. - -- 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va. , October 4, 1955- 
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APPENDIX A 

PLATE TESTS IN V-GROOVE EDGE FIXTUE^ES 


For -the purpose of-ohtalnlng a direct con 5 >arison between plate com- 
pressive strength and the stress-strain curve for the plate material, 
tests were made on flat plates the side edges of \rtiich were supported in 
V-groove fixtures. Plates nominally 1/16 inch thick and having width- 
thickness ratios b/t ranging from 15 to 60 were tested. The plate 
length was such that five or more local buckles could form. The coapres- 
sive stress -strain curves for the materials in the plates tested are shown 
in figiu’e 2 . - - -- ' ” 

A schematic drawing of the V-groove fixtures is shown in figure 11. 

The grocres which support- the side edges of the plate specimen are l/4 inch 
deep and have a 6 o° Included angle. A clamping force of about 100 pounds 
in each of the four clamping bolts was used to keep the plate side edges 
alined -in the V- grooves . Preliminary tests showed that the maximum 
strength of the plates varied with clamping pressure but'idiat a leveling 
off in strength occurred with a force of about 100 pounds in each bolt. . 
Graphite lubrication of the grooves kept the sliding friction to a neg- 
ligible qiiantity in the tests. 

The behavior of plates in these fixtures may be described as follows: 
Buckling loeids are obtained which are in agreement with those calculated 
for long plates with simply supported side edges. This load could be 
determined as the point at~whlch the stress unit -shortening curve measiured 
in a test deviated from the material stress-strain curve. In some tests, 
the top of the knee of-the raeasmed load — lateral-deflection cinrves was 
taken as the buckling load. Beyond buckling, lateral forces are exerted 
on the V-{ 5 rooves by the plate edges which tend to separate the grooved 
support plates. The resulting mlsalineraent of^the plate edges in the 
grooves with increasing load leads to a maximum load which may be taken 
as characteristic of the plate b/t- and the siQ>porting fixture. Although 
the aim in the tests was to obtain coitparable results among mater ieils, 
the maximum stresses obtained were later determined to be in agreement 
wlth tests on square tubes and with the apparent maximum stresses of 
plates supported by longit\idlnal stiffeners, as in a crippling test on 
a short stiffened p^el. This coincidence suggests that the support char- 
acteristics of this type of fixture are fairly representative of the sup- 
port provided plates by the attachment flanges of rlveted-on longitudinal 
stringers . 

The test results obtained are given in table VI. They Include the 
buckling and maximum stresses and the unit shortening (when measxired) at 
the maximun of the load-shortening curve. Calcxilated values of ffcr^ 



NACA TN 5600 


21 


obtained by assuming simply supported edges and Tj 




are given for 


comparison -with, the test valiies. In the case of the l8-8-^ stainless 


steel, the values of t] were confuted from the effective stress -strain 
curves of figure 2 (f) . The -unit shortenings at failure show that, regard 
less of the stress for buckling, the maximum load for each plate was" not 
reached until the longitudinal edges of *the plate had been strained well 
into the inelastic stress range for the material. 


The starred results shown in table VI are those chosen for presenta- 
tion in figures 5 io 5 - These results were considered to be representa- 
tive of the strength of the plates in a given material as determined by 
the type of plot shown in figure 12 for all the test results in 7075-^6 
aluminum alloy. The starred results in table VI for this material are 
Indicated by flags in fig\nre 12 . The scatter in the results is believed 
to be characteristic of the test technique rather than caused by varia- 
tions in material properties. • • 
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APPENDIX B 

EFPECTIVE STRESS-aTRAUf CUR\^ 


In the mgjivLfactTire of sheet metal parts, significant changes in 
material properties often occro*. The Increase in yield stress in the 
formed corners of stiffener sections, for example, is known to liave a 
greater effect on the section's crippling stress than can be accounted 
for by the ustially small Increase in the area weighted average of the 
material properties over the section. An investigation of this problem 
in reference 5 showed that the changes in strength of formed sections 
were more nearly proportional to changes in material-strength moduli 
computed from stress-strain curves obtained by an eq.tial weighting of the 
formed- corner stress-strain properties with those representative of the 
flat" sheet. Such curves are called effective stress -strain curves in 
this paper. 

The fact that strength modilLi congputed from effective, rather than 
average, stress-strain curves correlate with crippling -test data may be 
explained by the importance of material properties near the plate edges 
where the buckling distortions are least and the- highest compressive 
stresses are reached. The effective stress-strain curve eliminates the 
need for assigning a crippling stress to small-radius corner elements 
as is done in most crippling-stress-analysis methods. The effective 
stress -strain cinrve is also adequate for confuting both the elastic and 
Inelastic buckling stresses Inasmuch as it has the same Initial slope 
as the average curve and has nearly the same shape as the average curve 
for sectd.ons which buckle in the inelastic range. 


In crder to correlate the strength of plates made of highly anlso- 


X 

tropic materials, such as the l8-8-^ stainless steel plates tested in 

this investigation, the concept of an effective stress-strain ciarve can 
also be used to' advantage. It was fotind that plates with the same- width- 
thickness ratio cut from the with-grain and cross-grain directions of the 


rolled sheet failed at the same value of 


(EsCcy) 


1/2 


when (EeCJcy) 


1/2 


was computed from a weighted average of the material stress -strain curves 
for the loading direction and transverse direction. The stress-strain 
curve in the loading direction was weighted twice as heavily as the curve 
in the transverse direction. With an effective stress-strain curve defined 


in this manner, the data for l8-8-^ stainless steel correlate with the 
data for more nearly Isotropic materials, as shown in figure 4^. 
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For structural sections formed of an anisotropic material, the 
effective stress-strain curve for the flat material is averaged with a 
stress-strain curve for the fonned-corner material (loading direction) 
to obtain an effective stress-strain curve for the section. 
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APPENDIX C 

MATERIAL S031EWGTH MDDULI 


The Influence of material on the crippling strength of plate struc- 
tures has "been represented by material parameters vhich are a function 
of material stress-strain curve slope and- height. The relative weight 
given to each of these material characteristics ought to be related to 
the stress — unlt-stiortenlng diagram for the structure In q_uestlon. An 
approximate relatfonshlp can be obtained from a consideration of figure 15 
where stress. — imit- shortening diagrams are drawn for three different struc- 
tures which have the same elastic buckling stress. These diagrams are 
shown superposed on the material stress-strain curve. 

Each of the stress — unit-shortening curves in figure 15 can he approxl 
mated by an equation of the form 



where m is the ratio of the initial- slope of the stress — imlt-shortenlng 
curve after buckling to the initial slope of the stress-strain curve and ‘ 
€qj. is the buckling strain. Equation (Cl) can be solved for the maximum 

average stress 5f as follows; 




max 


1 -m 


'cr 


(C2) 


which is associated with the maximum value of ^Es j ■ ® value 

of m, a maximixtn value of can be determined from the material 

stress -strain curve by satisfying the relationship 

do 
d€ 

or 


(1 - m)fi 


(C5) 


E-t- = (1 - in)Es 
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Eq.uations (C2) and (C3) show that as m changes from 0 to 1 the 
maximum stress depends less upon stress-strain curve slope and more upon 
the magnitude of the stresses attainable in the material. This result 
is in q^ualitative agreement with the observed behavior of actual struc- 
tures; that is, the maximum strength of a Eiiler column, for which m is 
zero, depends on the stress -strain curve slope whereas the maximum strength 
of plate structures, which have m values between 0 and 1 , depend also 
upon the height of the material stress-strain curve beyond the stress at 
which buckling initiates in the structure. The trend of equation (C2), 
rather than the precise weighting of material stress-strain curve char- 
acteristics for any m value, is considered of significance in estab- 
lishing material strength moduli for various structures and their modes 
of f ail-ure . 

The strength moduli enployed in this paper are associated with values 
of m equial to 1/2 and 2/5- When m is equal to l/2, the strength mod- 
ulus (Eg'cr 2 )^^^ obtained, where 02 is the stress at 'vrtiich the tan- 
gent is one-half the secant modiiluis and Eg ’ is the secant modulus at cr 2 - 

The strength mod^Il^as is associated with m = 2/3; is the 

stress at which the tangent is one-third the secant modulus and Eg* is 
the secant modulus at ctj. Parameters could be defined in a similar man- 
ner for other values of m. 


The parameters 


(Egffcy)^/^ 


and 


(Egbj,y2)l/5 


may be considered as 


versions of -the preceding parameters employing more commonly known mate- 
rial characteristics . With most materials the latter parameters are 
approximately proportional to the preceding ones. 
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TABLE I 

PROPEi^IES OF PLATE MATERIALS 


Material 

(EOcy)^/^ 

ksl 

(Ebo)^/^, 

'max 

ksi 

(Eetj)^'^^ 

® 'max 

(Eccy)^^^ 

FS-lh magnesixun alloy .... 

4 l 6 

587 

0.88 

2024 -T 5 lalumlnimi alloy . . . 

681 

592 

.67 

2014 -T 6 aluminum alloy . . . 

810 

744 - 

.92 

7075-T6 alumintun alloy . . . 

873 

805 

.92 

Stainless W steel 

2,420 

2,200 

.92 

18-8-^ stainless steel 




Effective with grain . . . 

1,880 

1,560 

.85 

Effective cross grain . . . 

2,020 

1,710 

.85 
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TAELE II 

COMPARISON OF PREDICTIONS NITH TEST RESULTS FOR 
Z-STIFFENED PANEL 57.5-75 OF REFERENCE I5 

29.8 (1.58 + 1.^3^ 

7075-T6 reference panelj R = ^ ^ = 0.99 (eq. 6) 

(1.58) (22) + (1.43) ( 39 ) 



Material 

('^f)test' 

ksi 

^ ^f ^ predicted^ 
ksi 

606I-T6 aluminum alloy . . . 

23.2 

22.6 

5052-^ aluminum alloy .... 
4 

16.5 

16.4 

7075-O aluminum alloy . . . 

11.6 

13.3 

SAE 1010 steel 

24.0 

25.1 

Copper 

*19.2 

21.1 

FS-lh magnesium alloy . . . 

i4.0 

13.4 

18-8-^ steel*- 

58.2 

66.4 

Ti-^ steel 

4 

57-5 

55-7 


This panel has a value of hQ/t 10 percent larger than the ref- 
erence panel. 
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TABLE III 

CCMPARISON OF HIEDICTIOKS WITH TEST EESUITS FOR 
Z-STIFFEHED PANEL I8. 75-57- 5 OF .REFERENCE 15 

^ 50.8(0.81+0.78) 

7075-To reference panel: R = ^ ^ ^ — — = 0-91 °) 

( 0 . 81 )( 37 ) + ( 0 . 78 )( 76 ) 



Materieil 

^^f ^test' 
ksl 

(^f) predicted^ 
ksl 

Failure In local 
buckling mode 

Falliore In 
wrinkling mode 

6o6i^t 6 aluminum alloy . . . 

5^4-. 2 

57-5 

37.6 

5052-^ aluminum alloy . . . 
4 

22.5 

24.7 

25.-6^ - 

7075-O al.uminum alloy . . . 

17.0 

18.7 

17.7 

SAE 1010 steel 

52.6 

51.8 

30.5 

Copper ... . . ... . . . . . . 

27. k. 

29.1 

27.6 

FS-lh magnesium alloy . . . 

20.1 

22.5 

22.0 

18-8-^ steel* ....... 

h 

95.1- 

116.7 

107 

Tl-^ steal . ’ 

6if.5 

62.4 

57-5 

i). 





*This panel has a value of ho/t 10 percent larger than the ref- 
erence panel. ; 
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TABLE IV 

COMPARISON OF PREDICTIONS WITH TEST RESULTS FOR 
Z-STIFFENED PANEL 12.5-25 OF REFERENCE I5 

7075-T6 refeifence panel; R = ^ ‘ ‘ = 0.85 (eg.* 6) 

(0.55)(0.59) + (0.57) (82) 



Material 

(^f)test^ 

ksl 

^ ^ predicted'’ 

ksi 

6o6i-t 6 alvutiinum alloy . . . 

4o.l 

4o.l 

5052-^ alimlimm alloy . - . 
I4. 

25.8 

25.it- 

7075-0 alumlnvan alloy . . . 

20.9 

19.9 

SAE 1010 steel 

55-9 

32.7 

Copper . i 

50.1 

29.1 

FS-lh magn.es ium alloy . . . 

25.4 

2 k . 1 

18-8-^ steel* 

116.2 

126 

ll- 



Tl-fe steel . .■ 

73.3 

66.6 

k 



*TtLls panel has a valiae of ho/'^ 10 percent larger than the ref- 

erence panel. 
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TAHLE V 

COMPARISON OF PREDICTION WITH TEST RESULTS FOR 7075-T6 ALIMINLM-ALLOY 
MULTIWEB BEAMS TESTED IN PURE BENDING AT ELEVATED TEMPERATURES 


(a) Room- temperature reference beam; = ^ = 62 .k-'kB± 



H.= 60 


Temperature , 

^^f ^ test^ 

^ ^ predicted’ 

op 

ksi 

ksi 

250 

52.6 

52-5 

550 

45.0 

44.5 


(b) Room- temperature reference beam; df = 45 *^ ksi 



Temperature, 

^^f^teetr’ 

^ ^ predicted’ 

Op 

ksi 

ksi 

250 

57-8 

57-0 

550 

30.0 

52.5 
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TABLE VI 


plate test results 


t/t 

ksl 

Calculated 

Of , 

ksi 



K 

i-lh magnesium alloy 


20.0 

25.1 

26.3 

1 

25.1 

0.00526 

20.2* 

25.9 

26.3 

25.9 

.00568 

20.1 

25.7 

26.3 

25.7 

.00559 

2 k.k 

j 26.1 

25.0 

26.1 

.00604 

24.5 

25.3'' 

25.0 

25-3 

.00558 

24.4.* 

24.9 

25.0 

24.9 

.00532 

33-0 

18.1 

19.2 

19.2 

.00328 

32.8* 

18.7 

19.3 

19.5 

.00328 

32.8 

19.3 

19.3 

19.8 

.00332 

40. 9*^ 

13.6 

14.1 

15.4 

.00302 

4l.O 

l4.l 

14.0 

15.7 

.00307 

41.4 

13.2 

^5^7 

15.6 

.00315 

2024-T3 altanlnum alloy 

17-3 1 

48.5 

48.1 

48.5 

0.00920 

17.4 

44.5 

47.8 

44.5 

.00673 

17.4* 

44.7 

47.8 f 

44.7 

.00665 

20.3 

41.3 

42.7 

41.3 

.00555 

20.2 

41.1 

42.8 

4l.l 

•00555 

20.2* 

43.6 

42.8 

43.6 

.00658 

25.2 

36.2 

38.0 

56.8 

.00445 

25.0 

38.6 

38.2 

38.6 

.00485 

25.2* 

38.4 

38.0 

38.9 

.00530 

30.6 

33.5 

33.3 

34.4 

.00355 

30.6 

33.2 

33.3 

34.1 

.00355 

30.9* 

32.6 

53.1 

■33; 2 

.00343 

40.8 

23-3 

23.4 

25.9 

.00390 

40.6 

23-1 

23.5 

25-5 

.00380 

4o.6* 

23.6 

23.5 

25.8 

.00390 

50.6 

15-3 

15.1 

22.2 

.00490 

50.4* 

15.4 

15-3 

22.1 1 

.00455 

50.7 

13.8 

15.1 

22.3 

.00500 

2014-T6 alignlnum alloy 


20.8* 

60.8 

57-0 

61.0 

22.5* 

57-8 

54.8 

57-9 

25.6* 

53.3 

52.3 

53.9 

30.1* 

42.9 

42.8 

43.5 

42.5* 

22.0 

21.5 

51.5 


Points that are plotted in figures 5 ^ ^md 6 
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TABLE VI.- Continvied 
PLATE TESTJlEBlILrS 


b/t 

o"cr^ 

ksi 

Calculated 
ksi . 

Ofj 

ksi 


7075-T6 aliominum alloy 

Ik. 7 

70.5 

76.0 

71.0 

0.00960 

Ik. 7 * 

77.6 

76.0 

77.6 

.01075 

Ik. 6 

73.4 

76.1 

75-4 

.01100 

16,4* 

73 -k 

73-5 

73.4 


16.4 

72.2 

■ 73.5 

72.2 


18.1 

71.5 

71.0 

71.5 


18.1 

71.6 

71.0 

71.6 


19.4 

72.3 

68.7 

72.3 

.00910 

19.5 

69.0 

68.6 

69.0 

.00830 

19-5* 

70.1 

68. 6 

70.1 

.00888 

20.6 

66.5 

66.6 

66.5 


20.6 

67.3 

66.6 

67.3 


24.5 ■ 

59.6 

59.7 

59.6 

.00690 

24 . 3 *’ 

60.6 

60.0 

60.6 

.00680 

24.5 

61.1 

59.7 

61.1 


25.7 

52.9 

57.6 

52.9 


25. T 

56.2 

57.6 

56.2 


29.0 

41.6 

45.2 

48.1 

.00510 

28.6 

42,6 

45.8 

46.5 

.00485 

29.2* 

47.0 

44.5 

49.1 

.00556 

34.1 

34.0 

32.7 

40.8 

.00650 

34.1* 

34.7 

32.7 

40.5 

.00692 

34.0 

35-2 

32.9 

40.3 

.00675 

36.7 

28.9 

28.2 

37 -^ 


36 . 8 

29.0 

28.8 

57-3 


38.8 

26.1 

25.2 

57-0 

.00685 

39-0 

26,5 

25.0 

37-1 

.00720 

38.4* 

26.1 

25.8 

56.0 

.00700 

48 . 0 »f 

15.0 

16.3 

30.5 

.00790 

48.5 - 

15-7 

16.2 

30.6 

.00730 

48.2 - 

15-2 

16.3 

31.1 

.007^ 

51.5-’^ 

15.0 

14.3 

29.1 


58.0.. 

12.3 

11.3 

26.9 

.00690 

58. 2^^ 

11.6 

11.2 

26.3 

.00665 

58.1 

11.8 

11.3 

26.0 

.03715 




*Points tiiat axe plotted in figures k, 3 > and 6. 
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TAHLE VI.- Concluded 


PLATE TEST KESUITS 


h/t 

^ cx > 

ksi 

Calc\fLated 

ksl 

ksi 




Stainless W steel 

— 


16.4* 

201.0 

193 

202.0 

0.00914 

16.4 

201.0 

193 

202.0 

.00905 

18.2’^ 

199.5 

187.2 

201.0 

.00913 

18.4 

187.3 

186.6 

187.3 

.00811 


176.0 

175.1 

177.0 

.00770 

20.7 

178.0 

177.6 

179.3 

.00778 

26.0 

151.5 

146-5 

152.0 

.00509 

25.9* 

148.0 

147.4 

148.3 

.00521 

36.5* 

78.5 

81.5 

106.0 

.00886 

36.5 

73.5 

81.5 

102.7 

.00732 

52.0* 

36.3 

4 o .2 

78.6 

.00739 

I8-8-& stainless steel with, grain 
4 

19.2 

146.8 

142.0 

146.8 


19.2* 

140.5 

142.0 

lito.5 


21.4 

115.7 

130.1 

115.7 


21.5* 

126.3 

129.5 

126.3 


24.7 

107.7 

112.9 

107.7 

— 

23.9* 

111.8 

116.7 

111.8 


29.7 

78.9 

90.1 

78.9 


29.6* 

91.4 

90.6 

91.4 


42.7* 

52.0 

52.0 

62.3 


42.5 

49.8 

52.2 

61.0 


59.1* 

26.4 

'28.0 

49.6 



18-8-^ stainless steel cross grain 
4 

■T- - 

19 - 1 * 

157.7 

155.4 

157.7 


19.1 

153.0 

153.4 

153.0 


21.2 

143.8 

142.3 

143.8 

— 

21 . 2 » 

143 .t? 

142.3 

143.0 


24 . 0 * 

131.0 

126.2 

131.0 

— 

24.3 

138.2 

124.5 

U 8.2 


29.9 

94.5 

95.3 

95.2. 


29.9* 

1 D 3.2 

95.3 

103.2 

— 

42.2 

52.5 

54.2 

69.3 


42 . 4 * 

55 . 1 ^ 

53.5 

71.6 


60.2* 

27.9 

^.0 

55.3 




^Points that are plotted in figures k, and 6. 
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(c) 2014^6 aluminvini alloy. 


(T, ksi 


Figure 2.- 
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